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FATIGUE TESTING 

An Outline of the Routine Laboratory Tests of Bristol Engines 


F AILURE nf aero engine components may be due to 
a number of causes : in a few instances the actual 
reason for failure may be very obscure, but in the 
majority of cases it may be fairly accurately attributed 
either to imperfect material nr over-stressing, or a combina¬ 
tion of both. 

The large majority of failures are, moreover, of a well- 
defined tvpe and characteristic of a set of conditions in 
which the stresses imposed are of a fluctuating nature. 
The most simple form of fluctuating stress is that in which 
the stress changes from tension through Kern to compression, 
the maximum stress in each direction being equal. This 
is known as a reversed stress. In some cases the stress 
may fluctuate from zero to a tension stress, this type being 
known as a repeated stress. 

A third type includes those cases where the stress is 
never zero, but fluctuates over a range of values atxrve the 
zero line. This is known as a pulsating stress. In all the 
above cases one complete reversal of stress is known as a 
stress cycle. Fig. i shows in diagrammatic form the 
various forms of stress cycles described above. In addition 
to the simple tension and compressive stress fluctuations 
more complex stress cycles may occur, such as reversed 
torsion, reversed bending and combinations of both. 



The type of failure produced by these cycles of stress 
is known as a fatigue failure, anti the actual propagation 
of the crack through the component may be either extremely 
slow or fairly rapid, depending upon the degree of over- 
stress and the material concerned. The crack Itself 
has certain well-defined characteristics and it is usually 
possible to deduce the initial nucleus of the crack and the 
speed of propagation from its appearance. A photograph 
of a typical fatigue crack is shown in Fig. 2 . 

Fatigue cracks invariably originate at some point of 
stress concentration in the component ; c.g., screw threads, 
oil holes, sharp radii and similar localities, and it is necessary 
for the designer so to proportion the component in question 
as to eliminate these stress-concentrating factors as much 
as possible. In this respect it might be mentioned that 
in regard to this point of stress concentration some materials 
are much more sensitive than others to sharp corners and 
abrupt changes of section. This property is sometimes 
known as M notch-sensitivencss," 

When an aero engine is designed, the materials of which 
it is constructed are carefully selected for certain sjiccific 
purposes. Some components require high strength and 
resistance to fatigue characteristics ; in others good bearing 
properties are essential, while others again may require to 
possess good beat conductivity, high thermal expansion 
and similar features. 

It is desirable, where possible, to be able to test the 
various properties of materials without recourse to long 
and expensive main engine tests, and it is here that the 
metallurgical laboratory is able to render such valuable 
assistance to the complex process of evolving and producing 
aero engines. Among the various properties and materials 
investigated by the laboratory, the resistance to fatigue 
is one of the most important. A great deal of knowledge 
and practical data that are of the utmost value to the 
designer may lie obtained from the fatigue testing of model 
sections ; the designer can evaluate the stresses involved 
more accurately and, in addition, considerable expense 
is saved in avoiding costly main engine experiments. It 
also forms a very convenient method for quickly obtaining 
exact information on new ami untried material, and can 
be used to assess the increased strength characteristics ol 
improvements in detail design. 
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Fig. 2 (above) : A typical fatigue 
crack. In Fig* 3 (left) is shown a 
Wohler fatigue testing machine usef 
irt the Bristol engine laboratory. 


The laboratory of the Bristol Aeroplane Co., Ltd,, at 
Tilton, is well equipped with up-to-date apparatus to 
perform a variety of fatigue tests, and includes the following 
machines : 

Wohler Fatigue Teating Mac him. This machine is 
illustrated in Fig. 3. The test piece acts as a rotating 
cantilever, the stress varying from tension to co mures* ion 


by a single electric motor at a speed of 2,120 r.p.m 
Amsler Repeated Impact Machine , The machine shown 
in Fig, 7 is the Amsler repeated impact testing machine 
with which it is possible to obtain impact fatigue data 
employing tensile, compression or transverse stresses. 
The mac!line is operated by a single electric motor and, 
on account of the staccato and somewhat unpleasant noise 




Left, Fig. 4 : Stress endurance curve of nick el-chromium molybdenum steel, oil hardened and tempered. Limit of proportion¬ 
ality, 43 tons per sq. in. ; 0.2 per cent, proof stress, 56.4 tons per sq. in* ■ mix. stress, 62*2 tons per sq. in* ; elongation, 24.8 
per cent. ; R. of A., 65,0 per cent. Right, Fig, 5 : Stress endurance curve of wrought magnesium alloy. Limit of proportion¬ 
ality, 4,0 tons per sq, in, ; 0.1 per cent, proof stress, 12.0 tons per sq. in. ; mix. stress, 20*2 tons-per sq* in. ; elongation, 19*7 

per cent, ; R* of A*, 32*0 per cent* 


every reversal. This machine is of the uniform bending 
type, a characteristic obtained by specially applied loading, 
whereby the stress is uniform in the test piece over a length 
of 1 1 inches, instead of concentrated at one point as happens 
in a singly loaded machine of this type. Uniform loading 
is particularly useful for testing screw threads and similar 
components over which the normal stress is evenly dis¬ 
tributed, Four of these machines are at present installed 
in the laboratory*; they are driven independently by small 
electric motors at either approximately 2,000 or 3,000 r.m.p. 
Fig*, 4 and 3 show stress endurance curves obtained from 
tests made on this type of machine. The curves represent: 

(Ij A nickel-chromium molybdenum steel beat-treated 
to give 62.2 tons sq. in, maximum tensile strength. 

(2) A wrought magnesium alloy having a maximum 
tensile strength of 20.2 tons sq. in. 

Continued Stress-Fatigue Machine, The machine shown 
in Mg. 6 1* the special combined stress-fatigue testing 
machine designed by the National Physical Laboratory. 
This actual machine is the first of this type to be installed 
in an aero engine laboratory. The test piece docs not 
rotate, and it is possible with this machine to obtain 
reversed bending stresses, reversed torsional stresses or 
any combination of the two, by varying the relative angle 
at which the test piece is held* The machine is actuated 



it emits when in operation, it is housed in a sound-proof 
cabinet which incorporates a quickly removable section 
for inspection purposes* 


Combined stress and fatigue machine designed by the 
National Physical Laboratory. 
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Crack Detection 

Although described previously {Flight, March 7, * 935 )# 
mention may also be made of the *' Magna*Flux M method 
of fault detection, which is used extensively in the Bristol 
engine laboratories. The apparatus incorporates a Large 
coil, energised by direct current, a solid core, and adjustable 
sliding pole pieces. The component to be tested is placed 
across the gap between the pule pieces after having been 
thoroughly cleaned. The current is switched on and a 
liquid called " detector ink " which contains very finely 
divided particles of iron is poured over the component. 
If there is a crack, even a very minute one, the iron particles 
will .collect on the edges, owing to the disturbance of the 
magnetic flux. 

It will be obvious that the J1 JVlagna-Flux method of 
fault detection is applicable to ferrous materials only. 
There are, however, a large number of engine components 
which can be examined in this way. such as crankshafts 
and camshafts, drives, gears and so forth. 

Fig. 7 : Amsler repeated impact machine in the 
Bristol engine laboratory. 
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TWO-SPAR CANTILEVER WINGS 

A Rapid Method oj Obtaining the Stresses in Spars and Skin 

By B, B. WALKER, B.Sc. 


Introduction 

T HE cantilever monoplane, having very little para 
sitic drag, is becoming a very favoured type of 
design. There are various systems of wing struc¬ 
ture! the main problem to l>c attacked in all of them 
being that of finding a way of giving sufficient resistance 
to torsional deflection without undue weight 

One of the commonest and simplest solutions of this is 
the provision of a skin or wing covering between the spars 
capable of taking at least shear stress. This, with the 
spars, forms a'tube or set of tubes that can resist torsion. 
This skin, sometimes forming the whole surface, and some¬ 
times only that portion between the spars, is generally 
ol three-ply wood if the spars are of spruce but of metal if 
the spars are themselves metal. 

The shear stresses in such a skin (composed of a material 
of which the elasticity is of the same order as that of the 
spars) are light, and the skin comparatively thin, if it is 
made just thick enough to keep the twist of the wing under 
load down to safe limits. At the same time, because of the 
approach to equalisation oi bending deflection of the spars, 
the stresses in these are lightened by the presence of the 
skin. 

If, however, the skin were designed to take any appre¬ 
ciable amount of bending stress it would have to be thick* 
ened or stiffened in such a way that its weight would be 
enormously increased. As a consequence this is not 
usually done (except in wings in which the skin takes the 
bulk of the stress and the spars very little), and the problem 
l>efore the calculator of stress is the finding oi a method 
that assumes the spars alone to resist the bending moments 
on the wing, while the twist is resisted partly by differ¬ 
ential bending of the spars and partly by resistance of the 
tube formed by the spars and skin. The determination of 
the proportions in which this division will take place to 
give equilibrium presents the greatest difficulty, as it is 
a case oi a redundant structure, and the ordinary methods 
of strain-energy are not applicable. 

A first rough method that has been applied is to work 


out the bending moments on the spars as though there were 
no skin, and then to assume a certain percentage of bending 
moment transferred from one spar to the other, the value 
being empirically decided upon from data as to the position 
of the centre of pressure and from previous experience. 
Such a method gives no figure for the stress in the skin, and 
is necessarily very crude in any case of the slightest novelty 
in the proportions of spar sizes and skin thicknesses, or 
in properties of wing section, and a little investigation 
shows that an even percentage of transference throughout 
the wing is erroneous. 

The more exact methods, of which perhaps the best 
known is that indicated by Prof. Roxbee Cox in R. & M, 
1617, first evaluate the bending moments that would 
given to the spars by pure flexure (no twisting deflection) 
and then by means of expressions based on the average 
properties of a number oi wings, find the bending momenta 
to be added or subtracted for the torsion and the corre¬ 
sponding stress in the skin, in the publication mentioned, 
the torsion is found by first finding a " flexural fine/" which 
is the line upon which the load would have to be placed 
if there were to be no twist. 

For this line two differentiations and integrations of 
curves are necessary. The line is found for the air load 
alone, after which the division of the torsion due to this 
is found. Any torques concentrated at one or two points, 
such as those due to overhanging engines, are arrived at 
separately and their effects superimposed. 

Such methods thus comprise two portions, the first 
consisting of the division of the applied loads into (a) loads 
producing pure flexure or similar curvatures of the spars 
and {&) a set ol torques, and the second the determination 
of the effect of these torques. Further, each portion may 
have to be divided into a calculation for the air load and 
one for concentrated torques if the necessities of the appli- 
cation ol approximations demand it* 

In this article there is shown first in Part 1 a method 
of finding the system of torques, which is quick and simple 
and may be applied to the air loads alone or to these com¬ 
bined with those due to concentrated weights. It involves 








Supplement to 
FLIGHT 
tojvd 


December 26, 1 


THE AIRCRAFT ENGINEER 


only one differentiation oi a curve, so that cumulative much of the residual torque is taken by i 
errors are avoided, (The finding of t he effects of the pure In Part II will be described a graphical rr 
bending is a simple matter in any method, as for equal finding the stresses in skin and spars (1 
curvatures of the spars at any point in the span the spars assumption of shear stress only in the skii 
must L>e subject to bending moments proportional to their mining the residual torque expressed a 
moment' of inertia.) making use of a curve of what is termer 

The term " residual torque " is employed in the same balanced bending moment," the plotting 
sense as in R. & M. 1017 (mentioned above). If wc con- into the method of Part 1 . 

aider the wing divided at any point by a plane at right In this direct method of Part IT the to 

aiigten to the centre line of the spars (these being parallel) trated weights are taken into account wit 
the loath described as (a) above on the section outboard to air loads, as the method begins by the pl< 
of the plane give a certain total bending moment and shear moment curves for the spars as though no $ 
on the wing structure at the plane. The torques { b ) on Parallel spars are assumed in both part 

the outboard section give a twisting moment which mu it si on to the case of converging spars could p 

lie added to give the entire set ol actual forces on the in- without much difficulty, 
board section. This couple is the residual torque. The methods rest on a consideration 

The method of Part I may thus be used to find the curve moment transferred from one spar to the o 
of residual torque throughout the wing, and oilier methods A 14 transferred bending moment," foi 
(such as that of R. & M,' 1617) used for finding how much is added or subtracted to the " indej: 
of this is taken by the spars in differential bending and how moments/ 1 j.c., those given if no skin were 

PART I —A METHOD OE FINDING THE "RESIDUAL TORQUE 
General 

As an alternative to the method of finding the " flexural 
line ” of a cantilever wing, the residual torque* curve for 
a given system of loading may be found by the following 
method. 

This is quicker than calculation, as the calculation oi the 
flexural line takes some considerable time and this alterna¬ 
tive method also gives moment curves that are useful in 
analysing the spar stresses and in comparing these with 
those produced by other cases of loads. 

These curves also enable a graphical method of finding 
the actual spar stresses to be adopted. In this method 
(separately described) concentrated torques such as those 
due to wing engines may t>e exactly taken into account. 

The method is first described and the proof follows. 

Method 

The air load, c.p. locus, wing weight and any other loads 
being given, these are converted into distributed and con¬ 
centrated loads on the spars (as in most usual systems of 
stressing for biplanes and strutted monoplanes) as though 
the spars were acting independently with no skin or other 
means of transferring load from one to the other. 

The shear force and Landing moment diagrams for each 
spar are then found for this independent action. These 
will be referred to as the " independent 11 shear forces and 
bending moments. The ordinates of the independent 
front and rear spar bending moments are then added to 
give a curve of the total bending moment on the wing. 

If at any section of the wing the I r = the moment of 
inertia of the front spar ; and the I a — the moment of 

inertia of tlie rear spar, values are found for ( or 

#< K '* in Report No. A. I). 304 }) and the curve drawn. 

The curve is then drawn for - ^ ^ - This is here referred 

u + u 

to as the ,J balanced M bending moment for the front spar, 

——being known as the 14 balancedbending moment 

L T 1* 

for the rear spar (only one need be found). 

The differences between the ordinates of the independent 
front spar bending moment and the front spar balanced 
bending moment, give a curve of bending moments, which 
will be termed the “unbalanced bending moments" at 
their corresponding points. The slope of this curve at any 
point, multiplied by the distance between the spars, gives 
the residual torque. 

Thus if M, p is the independent bending moment on 
the front spar at any point, and M, l f and L have their 
previous significance. 


Unbalanced b.m. — M, 


and residual torque -= d *-—f NL — M - — — _ ) (2) 

tlx \ I F + I»t/ 

where d is the distance between spar centres, and x is the 
distance of any point from the wing tip. 


The imbalanced bending moment at any point can also 
be found from the differences of the rear spar independent 
bending moment and the rear spar balanced bending 
moment, but the signs of the terms must be reversed to 
give a correct sign for the result. 

Thus if M 1B is the rear spar independent bending moment* 
and we write 

M U 

Unbalanced b,m. = — M 13 + -—. fia) 

L T I* 

this b.m. is given with the some sign as in (1) and the 
residual torque may be found from it. 

A convenient way of representing these bending moments 
is that shown in Fig. j in which the independent bending 
moments are plotted with opposite signs on the same axis. 
The addition of them can then be made graphically, and a 
graphical chock can be made on one of the balanced bending 
moments after the other is calculated, as the sum of these 
is also M. 

Proof 

The residual torque at any section of the wing is the 
couple which, with certain forces giving no torsional 
deflection, will complete the system of forces acting at 
that section due to the loads applied. 

The two " balanced " bending moment systems defined 


by the curves of M-- and M -——— and their 

I, + L h + L 

accompanying shear forces, applied respectively to the 
front and rear spars, give the same deflection to these 
spars throughout their length, with no torsional deflection. 


As tlcfinrd m lhe* Introduction, 




